Single Point Incremental Forming (SPIF) is a recent manufacturing process which can give a symmetrical or asymmetrical shape to an undeformed metal sheet by using a relative small tool. In this article, a two-slope SPIF pyramid with two different depths, which suffers from large geometric deviations when comparing the intended and final shapes, is studied. The article goal is to detect if these divergences are due to new plastic strain while forming the second angle pyramid by using finite elements simulations. To validate the numerical results, both the shape and the forces are compared with experimental measurements. Then, an analysis of the material state is carried out taking the equivalent plastic strain, von Mises effective stress and * Corresponding Author yield stress distribution through a cut in the mesh. It is noticed that there is plastic deformation in the center of the pyramid, far from the tool neighbourhood. Also, high values of stresses are observed under the yield stress in other parts of the sheet. As a strong bending behaviour plus membrane tension is found in some sheet elements, these elastic stresses are due to a bending action of the tool. It is concluded that the main shape deviations come from elastic strains due to structural elastic bending, plus a minor contribution of localized springback, as no plastic deformation is observed in the angle change zone. Future developments in toolpath designs should eventually consider these elastic strains in order to achieve the intended geometry.
tions when comparing the intended and final shapes, is studied. The article goal is to detect if these divergences are due to new plastic strain while forming the second angle pyramid by using finite elements simulations. To validate the numerical results, both the shape and the forces are compared with experimental measurements. Then, an analysis of the material state is carried out taking the equivalent plastic strain, von Mises effective stress and the technical developments of the process through the years can be found in 13 Emmens et al. (2010) . The focus of the article is the SPIF process, where a 14 clamped sheet metal is deformed by using a relatively small spherical tool,
15
which follows a complex path in order to get the required shape. A schematic 16 representation of the process can be seen in Fig. 1 , where the tool follows a 17 path depicted in Fig. 2 for a conical shape. One of the most prominent characteristics of the SPIF process it is the 19 flexibility. Due to the fact that the shape is only given by the motion of by using a CAD/CAM software where a change of the final shape can be quickly and inexpensively done. This dieless nature makes the SPIF pro-23 cess appropriate for rapid prototyping, highly personalized pieces and other 24 small batch shell-like structures, having a production cost lower than typical 25 processes like deep drawing (Petek et al., 2007) . A comprehensive review of 26 the process characteristics and applications can be found in Jeswiet et al.
27
(2005), ranging from dies manufacturing and automotive parts to medical 28 applications (Ambrogio et al., 2005; Duflou et al., 2008b) . In addition, the 29 SPIF process has shown higher forming limits compared to other processes 30 like stamping (Emmens and van den Boogaard, 2009 ).
31
The SPIF process, nevertheless, still has some important drawbacks. The (Allwood et al., 2005) . Also the process 35 slowness, due to feed rate limits in the CNC machines (Ambrogio et al., 2010), 36 keeps the SPIF process away as an alternative for mass production. In order 37 to improve accuracy many techniques have been proposed (Micari et al., 2007; 38 Duflou et al., 2008a; Essa and Hartley, 2010) . As pointed out by Micari et al.
39
(2007), the best way to reduce inaccuracies is using a toolpath different from 40 the target CAD profile in a way such that after the tool removal, the elastic 41 springback and other deformations could bring the sheet to the desired shape.
42
However, this approach requires a deep knowledge of the material behaviour 43 of the sheet and the deformation mechanism occurring under the tool.
44
Despite the progress achieved during the last years, modelling the process show slightly better results in the geometry prediction than explicit schemes 60 (Bambach, 2004) .
61
The choice of the finite element is also important. Through Thickness 62 Shear (TTS) has shown to be one of the most prominent characteristics 63 of the SPIF process, contributing to the deviations between the sine law 64 and the experimental results (Jackson and Allwood, 2009; Bambach, 2010) and explaining the high formability of the process (Eyckens et al., 2011), 66 compared to other sheet metal processes like stamping and deep drawing 67 (Filice et al., 2002) . A comprehensive study of this phenomena requires the 68 use of solid elements, but the simulation time could be extremely high even for 69 simple geometries and toolpaths (Eyckens et al., 2010 
79
With respect to material models, no major improvement is observed be- 
89
In this paper, an analysis of the strain and stress fields during SPIF 90 process is carried out using the FEM in two truncated two-slope pyramid, The SPIF is applied to an aluminium alloy AA3003 blank with initial di- 
117
During the forming process, the tool travels with a feed rate and only the Table 2 ). The pyramid A has a step-down of 0.5 mm while the pyramid B 1.0 mm.
deeper in a stepwise fashion to follow the next contour until the desired depth 121 is reached. The process parameters for this geometry can be seen in Table 1 . Number of contours 2 27
Step-down p 0.5 mm and 1. 
129
The reaction forces on the tool were measured using a force platform.
130
The rig where the metal sheets are clamped is mounted with a six-component for the 6 degrees of freedom (Bouffioux et al., 2010; Henrard et al., 2010) .
151
Hence, the nodes O and P in Fig. 5 follows Eq. 1 for the displacements and
152
Eq. 2 for the rotations.
Where u is the vector of nodal displacements and φ the vector of nodal each tool position defined in Table 3 . The tool center at the beginning of 164 the first contours are specified in The material law used for the AA3003 material is elastoplastic with mixed isotropic-kinematic hardening. The elastic range is described by the Hooke's law with a Young's modulus E =72 600 MPa and Poisson's ratio ν =0.36, whose values were determined using an acoustic method performed at Vrije Universiteit Brussel. For the plastic part, the von Mises yield locus is used in this article:
where σ ij are the stress tensor components and the yield stress σ Y is a ma-
182
terial parameter. For the isotropic hardening, the Voce law is used:
where K, n y σ Y 0 are material parameters. For the kinematic hardening, σ 184 in Eq. 3 is replaced by the effective stress (σ − α), where α is the back-stress.
185
The Ziegler's equation describes the evolution of the back-stress:
where C A is the initial kinematic hardening modulus and G A is the decreasing 187 kinematic hardening rate when the equivalent plastic strain rises.
188
The accuracy of the FEM predictions rely not only on the material model in the simulations is presented in Table 5 . 
Forces validation

231
To simplify the analysis, an average value of the numerical force evolution Eq. 6 refers to the the peak force while Eq. 7 refers to the steady force. 
where ∆h is the scallop height related to the step-down p by Eq. 8. in Fig. 12(b) .
Due to the change of angle, the point B is not fixed and is displaced from B 63 308 to B 75 . This is the so called tent effect, which is dependant of the wall angles which is not modelled here). The BUT is a highly localized phenomena, 329 which is however globally reproduced in the simulation.
330
As tension reduces bending springback (Marciniak et al., 2002) , the final 331 shape is due to elastic strains (linked with the tent effect in the zone of 332 angle change) and some springback, the latter having just a minor effect 
Conclusions
343
In this article, a two-slope SPIF pyramid with two different depths is 344 simulated using the FEM. In order to validate the model, the shape of a 345 transversal cut and the axial force evolution during the process were com-346 pared. The model is able to describe correctly the shape despite neglecting 347 the TTS, but the force prediction requires a more precise contact modelling.
348
The use of solid shell elements may lead to an improvement in both predic-349 tions.
350
It is confirmed that there is high dependence of the target geometry on final geometric deviations comes from structural elastic strains related to 366 bending. A further research should consider toolpaths able to decrease the 367 effect of these bending elastic strains in the target CAD geometry.
